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Introduction
Compared with the well-known methods of Northern, Southern, and dot-blotting, in situ hybridization offers the advantage of detecting a specific sequence of interest in a particular cell type or within a specific tissue without having to homogenize and extract the tissue. Therefore, it has become a useful tool for localization of specific nucleic acids within tissue sections to study developmental cell biology and genetics.
In situ hybridization has been routinely carried out on frozen or paraffin-embedded sections at the LM level. However, in recent years the availability of non-radioactive labels has increasingly led to the application of this technique to EM. Hybridization provides an opportunity to determine the relative position of molecules that are not resolvable by LM. Non-radioactive probes provide high spatial resolution, rapid signal detection, and precise localization uiao et al., 1992; Troxler et al., 1990) . Moreover, RNA probes appear to give a lower nonspecific background than DNA probes, and also give better signal intensity (Morrell, 1989; Meyerowitz, 1987) . within chloroplasts, mitochondria, and nuclei of infected cells. BaMV virions and BaMV-specific electron-dense aystalline bodies were also labeled. The labeling intensity on Lowiayl-embedded samples, in general, was much higher than that on osmicated Araldite-embedded samples. However, our procedure o&rs the advantage that it permits labeling of viral nucleic acids in tissues already processed for routine EM and should be applicable for in situ labeling of any cellular nucleic acids. (JHistochem Cytuchem 41:1513-1519,
1993)
Because of the low accessibility of nucleic acids in thin sections to labeled probes, pre-embedding methods have been preferred (Guittney and Bloch, 1989; Wolber et al., 1989) . However, postembedding methods offer certain advantages. In addition to ease of sample preparation, the post-embedding methods can prevent the loss of structural morphology or selective extraction of cell components that may occur during the pre-embedding process when detergents or proteases are applied. Satisfactory results have been obtained with plastic sections of Lowicryl-embedded samples directly for in situ hybridization (Guellec et al., 1991; Troxler et al., 1990; Thiry and Thiry-Blaise, 1989; Binder et al., 1986) . The main disadvantage of Lowicryl as an embedding material is that only nonosmicated tissues can be embedded. However, optimal ultrastructural preservation is usually obtained by fixation in osmium tetroxide. Unfortunately, this fixative has long been known to inhibit immunostaining of many proteins (Bendayan et al., 1987) and is not compatible with in situ hybridization (McFadden, 1991) .
We introduce here an improved in situ hybridization procedure that allows labeling of viral nucleic acids in thin sections of nonosmicated or osmicated tissues. With this technique, not only can intense hybridization signals be obtained but also good ultrastructural preservation, which should lead to superior resolution of nucleic acids of interest. Our improvement lies in direct application to thin sections of routinely fixed and embedded tissues. To work out the best approach we used bamboo mosaic virus (BaMV), a member of the potexviruses (Koenig and Lesemann, 1978) , which contains a single-stranded, plus-sense RNA genome (Lin et al., 1992b) , as a model virus.
Materials and Methods
Virus Purification and RNA Extraction. Bamboo mosaic virus (BaMV) was isolated from infected green bamboo (Bambusa OldbamiiMunro) and maintained in barley plants (Hordeum uuZgare L. cu Larker) (Lin and Chen, 1991) . Purification of BaMV virions and RNA extraction from virions have been described in detail (Lin et al.. 1992b; Lin and Chen, 1991) .
cDNA Synthesis and Preparation of In Vitro 32Plabeled Ribprobe. DNA complementary to BaMV RNA was synthesized by priming with oligo (dT) and cloned into vector pUEX1 (Amersham International; Poole, UK). A cDNA cone, pBaHB, covering the 3' terminal 173 nucleotides of BaMV RNA was selected and subdoned into pGEM4 transcription vector (Promega; Madison. WI) for the in vitro transcription reaction. The in vitro 32P-labeled RNA transcript was transcribed from HindIII-linearized pBaHB (Kroner et al., 1989) and used as a hybridization probe for Northern blot analysis.
Isolation of Barley Protoplasts, RNA Inoculation, and Northern Hybridization. Isolation of barley protoplasts, inoculation with BaMV RNA, and incubation were carried out as described ( Lin et al., 1992a) . Northern blot analysis was also performed as described by Lin et al. (1992b) . except that we used an in vitro 32P-labeled RNA transcript as a riboprobe.
Tissue Preparation for Electron Miaosmpy. Infected and healthy green bamboo leaves were processed for EM. Pieces of leaf tissues were either fixed with 1% glutaraldehyde and embedded in Lowicryl HM2O or post-fixed with 1% os04 and embedded in Araldite 502 as previously described (Lin and Chen, 1991) .
Preparation of Digmigcnin @ig)-labeled " a i p t and Gold-IgG Complexes. A Dig-labeled transcript was synthesized from HindIII-linearized plasmid pBaHB in the presence of Digll-UTP (Boehringer Mannheim; Mannheim, Germany). In the transcription reaction (20 pl), 1 pg linearized template DNA was added to 5 p1 4 x NTP-labeling mixture, 4 pl 5 x transcription buffer, 1 RNAsin (40 U/ 111). 1 111 SP6 RNA polymerase (20 Ulpl). and 8 pl distilled water and incubated for 2 hr at 37°C. The DNA template was digested by addition of 2 pl of RNAse-free DNAse I (10 Ulpl) and incubation for 15 min at 37'C. The reaction was stopped by adding 2 pI of 0.2 M E m , pH 8, and the labeled RNA transcript was precipitated with ethanol and dissolved in distilled water. After assessment of transcript by agarose electrophoresis, ahquots of the riboprobe were denatured at 65'C for 10 min and immediately cooled to O' C just before use.
Preparation of gold-labeled rabbit anti-sheep IgG complexes followed the procedure described by Lin and Langenberg (1983) .
In Situ Hybridization. For Lowicryl-embedded samples, ultra-thin sections were etched with a 1:100 dilution of saturated NaOH in ethanol for 10-60 sec, followed by washing with 100% ethanol, then 50% ethanol, and then distilled water. For osmium tetroxide-fixed, Araldite-embedded samples, sections were first treated with saturated potassium periodate for 1 hr, followed by etching and washing as described for Lowicryl-embedded samples.
After pre-treatment. sections were pre-hybridized by floating grids, sections facing down, on 20 pl ofhybridization buffer (yeast tRNA and salmon sperm DNA, 100 pglml each in 50% formamide in 4 x SSC) in a moist petri dish, sealed with parafilm, and equilibrated with 50% formamide in 4 x SSC, at 65O.C for 1 hr. Hybridization was performed by adding 5 p1 of Dig-labeled tramdripts ( 2 0 0 nglml) to the 20+1 drops of hybridization buffer to a final concentration of 400 nglml, followed by incubation at 65'C for 1-16 hr in parafh-sealed dishes. After hybridization, grids were washed under stringent conditions: 15 min in 50% formamidel2 x SSC at 37°C; 15 min in 50% formamidell x SSC at 37°C; and 15 min in 1 x SSC at 37'C. Sections were then further washed on 6 drops of 0.1 M PBS containing 0.05% sodium azide (PBS-azide) followed by 6 drops of distilled water.
Araldite-embedded sections were processed as described above, except that prehybridization and hybridization were done at 55°C.
Immunogold Labeling of Dig-labeled Transcripts. After hybridization, sections were blocked on drops of 3% normal rabbit serum in PBS-azide for 1 hr at room temperature, followed by incubation on a 1:lOOO dilution of sheep anti-Dig antibody (BM) in 0.1 M PBS-azide for 1 hr at room temperature. After washing on 6 drops of 1% normal rabbit serum in 0.1 M PBS-azide, sections were incubated on drops of gold-labeled rabbit antisheep IgG complexes for 1 hr. Sections were then sequentially washed six times with 1% normal rabbit serum in 0.1 M PBS-azide, followed by washing twice with distilled water, 5 min each. The grids were then stained with uranyl acetate and lead citrate and examined in a Zeiss 109 electron microscope at 80 kV.
Results

BaMV RNA Detection in Infected Protoplasts by Northern Blot Analysis
To test the specificity of the riboprobe, total nucleic acids were extracted from infected barley protoplasts 24 hr after inoculation.
The 32P-labeled RNA transcript, covering the 173 "Ti of the 3' terminus of BaMV RNA, hybridized to the genomic RNA and to two subgenomic RNAs, 1 and 2 KB in length, in BaMV-infected protoplasts ( Figure 1, Lane 1) . The hybridization pattern was similar to that previously described using 32P-labeled cDNA copied from full-length genomic RNA (Lin et al., 1992b) and no hybridization signals were detected in RNA extracts from mock-inoculated protoplasts (Lane 2). Fifty ng of BaMV RNA extracted from virions was used as a control marker (Lane 3).
Optimization of In Situ Hybridization Conditions
To localize plant virus RNA in situ, several parameters affecting the hybridization efficiency were optimized to improve accessibility of embedded viral RNA to the probe, decrease the extent of background labeling, and preserve good ultrastructural morphology. These parameters included pre-treatment of the sections, temperature of hybridization, incubation time of hybridization, and other factors.
Effect of Pretreatments. Pre-treatment of sections was critical for obtaining a specific labeling signal. Using 1:lOO dilutions of saturated alcoholic sodium hydroxide as an etching agent, different etching times ranging from 0-60 sec were tested on ultra-thin sections of Lowicryl-embedded samples. We found that specific labeling signals increased with increasing etching time, but nonspecific labeling signals also accumulated and increased rapidly when etching time was longer than 30 sec. Furthermore, longer etching times also resulted in a loss of resolution. During several independent trials, an etching time of 30 sec provided high specific labeling, low background labeling, and good morphological preservation. Figure 2 shows the labeling intensities of untreated 1 2 3 6.4kb---2.0kb-* e 1 .Okb- ( Figure 2A ) vs etched ultra-thin sections ( Figure 2B ) of Lowicrylembedded samples.
When pre-treatment conditions similar to those described above for optimal results were applied to ultra-thin sections of osmicated Araldite-embedded samples, no specific hybridization signals were obtained ( Figure 3A) . Treatment with saturated potassium periodate for 1 hr at room temperature, before or after etching, was essential for Araldite sections. However, ultrastructural morphology was usually poor after these two pre-treatments. Therefore, we reduced the concentration of diluted saturated alcoholic sodium hydroxide. By a series of experiments using different etching times coupled with different dilutions of etching agent, we found that a 30-sec etching time and a 1:300 dilution of saturated alcoholic sodium hydroxide were optimal ( Figure 3B) .
The order in which the two pre-treatments were applied to Araldite samples was also important in obtaining good preservation, although the resulting levels of specific labeling were about the same. In general, sections first pre-treated with saturated potassium periodate followed by etching displayed better preservation of morphology than sections treated in the reverse order. The labeling intensities of the osmicated Araldite-embedded samples were usually about one tenth of those on the Lowicryl-embedded samples.
Effect of Hybridization Temperature. Three different hybridization temperatures, 45°C. 55°C. and 65°C. were used to test the effect of temperature on hybridization dficiency. The hybridization signal intensity rose in proportion to the hybridization temperature but background labeling was usually low no matter which temperature was used. The specific labeling signals at 65°C were about 10 times as strong as those at 45°C. Because the hybridiza-tion temperature had little effect on morphological preservation, 65°C was chosen for hybridization of Lowicryl-embedded samples.
For osmicated Araldite-embedded samples, increasing hybridization temperature also resulted in increasing specific labeling signals. However, at higher temperature more morphological detail was lost. Several trials showed that Araldite ultra-thin sections that had not been processed for hybridization did not lose any morphological preservation. Therefore, as a compromise between hybridization signal and quality of morphology, 55°C was chosen as the hybridization temperature for osmicated Araldite-embedded samples.
Effect of Hybridization Time. A range of different hybridization time periods (i.e., 1 hr, 2 hr, 3 hr, 4 hr, 5 hr, 8 hr, and 16 hr) were examined. Specific labeling was obtained after only 1 hr, but maximal hybridization signals were achieved and remained constant when hybridization times of between 8 hr and 16 hr were used.
Other Factors. Other factors had some effect on hybridization signals. These included the pre-hybridization treatment, posthybridization washing, and the detection of Dig-labeled transcripts by immunochemical staining. Pre-hybridization treatment and posthybridization washing under stringent conditions were required to remove nonspecific background signals. Without these two treatments, satisfactory results could not be obtained. Dig-labeled transcripts were routinely detected by diluted sheep anti-Dig serum followed by treatment with gold-labeled rabbit anti-sheep IgG. Therefore, factors affecting the detection of Dig-labeled transcripts were similar to those for indirect immunogold labeling.
In Situ Hybridization of BaMV RNA in Infected Tissues
After optimizing the conditions for in situ hybridization, gold labeling was essentially found within chloroplasts, mitochondria, the nucleus, and BaMV-specific electron-dense crystalline bodies (EDCBs) (Lin and Chen, 1991) . in addition to BaMV virions in the cytoplasm of infected cells (Figures 2B and 3B ). Few gold particles were found in vacuoles, the cell wall, or the intercellular space ( Figures 2B and 3B) . The central vacuole was labeled only when viral particles were also present ( Figure 2B ). No specific gold label was found within any compartments of healthy control cells (data not shown).
Control Experiments
The hybridization reaction in the absence of the riboprobe resulted in no specific cellular gold clusters ( Figure 4A) . The use of a nonhomologous probe, such as a riboprobe of a satellite RNA associated with BaMV (Lin and Hsu, unpublished observations), also produced no specific hybridization signals in the infected cells ( Figure 4B ). The BaMV used in experiments described here was free of satellite RNA. In general, background labeling in osmicated Aralditeembedded samples was much lower than that in Lowicryl-embedded samples. isis
Discussion
In this study we have demonstrated that ultra-thin sections of Lowicryl-and osmicated Araldite-embedded tissues can be used for in situ localization of viral RNA, resulting in a remarkably improved sensitivity and reduced nonspecific background. For in situ hybridization, retention and accessibility of the RNA to be localized seem to be the most important factors. Among the parameters affecting in situ hybridization signals that we studied, we found that pre-treatment of sections was the most critical step. Etching with alcoholic sodium hydroxide enhanced the accessibility of viral RNA in ultra-thin sections of Lowicryl-embedded samples ( Figure  2B ). Although the etching effect was not observed on osmicated
Araldite-embedded sections, the restoration of RNA accessibility was observed only after pre-treating with a combination of etching and a strong oxidizing agent ( Figure 3B ). Oxidizing agents, such as potassium periodate, have been shown to reoxidize reduced osmium oxide; periodate thus removes Os04 from cross-linked macromolecules and unmasks the antigenic site (Bendayan and 201linger, 1983) . Such masking would also be expected to affect RNA accessibility in ultra-thin sections. However, the fixative role of osmium is not reversible, and therefore the tissue remains wellpreserved (Bendanyan and Zollinger, 1983) .
As regards RNA retention, it has been shown that addition of glutaraldehyde to the fixative decreases labeling intensity (Guellec et al., 1991; Lawrence and Singer, 1985) . However, Binder et al.
(1986) observed good detection of mRNA after fixation with low concentrations of glutaraldehyde. Because we have previously obtained good ultrastructural preservation of hicryl-embedded plant tissues with 1% glutaraldehyde and satisfactory detection during subsequent immunostaining (Lin and Langenberg, 1983) , 1%
glutaraldehyde was used as a fixative throughout this study. Some authors have suggested that pre-treatment of ultra-thin sections by heat denaturation or protease can enhance hybridization efficiency (Leitch et al., 1990; Thiry and Thiry-Blaise, 1989 ).
In our study such pre-treatments were omitted because the hybridization temperature was 65 "C and increasing the hybridization temperature and incubation time were found to increase the signal-tonoise ratio. The temperature and duration of hybridization used were much higher and longer than those reported by other authors (Troxler et al., 1990; Binder et al., 1986; Lawrence and Singer, 1985) . A temperature of 65°C is close to that used for heat denaturation; therefore, improved signals could be obtained. However, for Araldite-embedded samples, morphological detail was lost after the hybridization process, especially when performed at higher temperatures. This may have been because our hybridization temperature was even higher than the normal polymerization temperature for Araldite, which is 56°C. It may be difficult for embedded materials to maintain clear morphology at such a high temperature. Therefore, 55°C was considered optimal for obtaining both high hybridization signals and good ultrastructural preservation.
Use of a Dig-labeled riboprobe followed by immunogold staining revealed BaMV genomic RNA andlor two subgenomic RNAs within the chloroplasts, the mitochondria, the nucleus, and BaMVspecific EDCBs, and within virion aggregates in infected cells during the late stages of infection. It demonstrates ultrastructural location and movements of BaMV RNA in infected cells. It also provides important information about viral pathogenesis and gene expression. We have shown that a post-embedding in situ hybridization technique using colloidal gold labeling provides a feasible method for specific RNA localization, with high-quality cell morphology and exact spatial precision.
